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b-Catenin, a key component of the Wnt signaling pathway, has been implicated in the development of
the neuromuscular junction (NMJ) in mice, but its precise role in this process remains unclear. Here we
use a b-catenin gain-of-function mouse model to stabilize b-catenin selectively in either skeletal
muscles or motor neurons. We found that b-catenin stabilization in skeletal muscles resulted in
increased motor axon number and excessive intramuscular nerve defasciculation and branching. In
contrast, b-catenin stabilization in motor neurons had no adverse effect on motor innervation pattern.
Furthermore, stabilization of b-catenin, either in skeletal muscles or in motor neurons, had no adverse
effect on the formation and function of the NMJ. Our ﬁndings demonstrate that b-catenin levels in
developing muscles in mice are crucial for proper muscle innervation, rather than speciﬁcally affecting
synapse formation at the NMJ, and that the regulation of muscle innervation by b-catenin is mediated
by a non-cell autonomous mechanism.
& 2012 Elsevier Inc. All rights reserved.Introduction
The neuromuscular junction (NMJ), the synaptic connection
between motor neurons and muscle ﬁbers, is among one of the
earliest synapses formed during mammalian development and is
vital to animal survival (Ackerman and Greer, 2007; Witzemann,
2006). Normal development of the NMJ requires reciprocal inter-
actions between motor neurons and skeletal muscle ﬁbers. These
interactions ultimately lead to a progressive accumulation of
synaptic vesicles and proteins at the nerve terminal and juxtapo-
sition of the nerve terminal within areas of the postsynaptic
muscle membrane containing a high density of acetylcholine
receptors (AChRs) (Burden, 1998; Hall and Sanes, 1993). Studies
over the last several decades have led to the emergence of two
signaling pathways—the agrin/Lrp4/MuSK and the Wnt signaling
pathways—that are critically involved in mediating nerve–muscle
interactions during NMJ formation (Speese and Budnik, 2007; Wu
et al., 2010).ll rights reserved.
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u (W. Lin).The agrin/Lrp4/MuSK pathway is triggered by agrin (McMahan,
1990; Nitkin et al., 1987), an extracellular matrix heparan sulfate
proteoglycan that is expressed in both motoneurons and skeletal
muscles, although motoneuron-derived agrin is much more active
than muscle-derived agrin in its biological activity (Ferns et al.,
1992; Ruegg et al., 1992). Agrin binds to a membrane complex
consisting of a low density lipoprotein (LDL)-receptor related
protein 4 (Lrp4) (Kim et al., 2008; Zhang et al., 2008) and a muscle
speciﬁc receptor kinase (MuSK) and induces MuSK activation and
AChR clustering, through an interaction with rapsyn, a cytoplas-
mic protein in muscle ﬁbers (Apel et al., 1997; Froehner et al.,
1981; Gautam et al., 1995). This signaling also requires the
presence of Dok-7 (docking protein-7), a protein that contains a
phosphotyrosine-binding domain (PTB domain) and lies down-
stream of MuSK (Inoue et al., 2009; Okada et al., 2006). Mice
deﬁcient in Agrin (Burgess et al., 2000; Gautam et al., 1996), Lrp4
(Weatherbee et al., 2006), MuSK (DeChiara et al., 1996), Dok-7
(Okada et al., 2006) or rapsyn (Gautam et al., 1995) all fail to form
neuromuscular synapses and die perinatally.
Wnt proteins, like agrin, may also be released from nerve
terminals and frommuscle, but may induce more complex signaling
mechanisms. Mammals have 19Wnt proteins and 10Wnt receptors
(e.g., Frizzled) (Logan and Nusse, 2004). Interactions of Wnt proteins
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are closely integrated and intertwined (van Amerongen and Nusse,
2009). In the canonical Wnt pathway, binding ofWnt to the receptor
Frizzled and co-receptor Lrp5/Lrp6 activates the downstream scaf-
folding protein Disheveled (Dvl). The activation of Dvl leads to a
disassembly of complex consisting of GSK3b, Axin and adenomatous
polyposis (APC), thus preventing GSK3b-mediated phosphorylation
of b-catenin that normally causes its degradation (Aberle et al.,
1997; He et al., 2004; Orford et al., 1997). As a result, b-catenin is
stabilized in the cytoplasm, enabling its import into the nucleus,
where it regulates gene expression through its association with
T cell factor/lymphoid enhancer factor (TCF/LEF) family members
(Behrens et al., 1996; Cadigan and Nusse, 1997).
Previous studies suggest that the canonical Wnt pathway plays
a role in the development of the NMJ. However, conﬂicting results
have been reported. For instance, although it has been shown that
Dvl, a downstream scaffolding protein that regulates b-catenin
activation, interacts with MuSK and that disruption of this
interaction reduces AChR clustering (Luo et al., 2002), AChR
clusters persist (albeit in a broader distribution pattern) in Dvl-1
null muscles (Henriquez et al., 2008). Further, in vitro studies
suggested that b-catenin interacts with rapsyn and regulates
AChR clustering (Zhang et al., 2007) and that APC binds to the
b-subunit of AChR and regulates AChR clustering (Wang et al.,
2003). Intriguingly, Wnt1 induced b-catenin accumulation does
not seem to affect AChR clustering in C2C12 myotubes (Luo et al.,
2002) and AChR cluster sizes are increased in b-catenin loss-of-
function mutation in muscles (Li et al., 2008).
In this study, we sought to clarify the role of b-catenin in NMJ
development. We applied a genetic mouse model in which
b-catenin can be stabilized (gain-of-function) in tissue-speciﬁc
manner (Harada et al., 1999). We found that b-catenin stabiliza-
tion in muscles, but not in motor neurons, results in excessive
nerve defasciculation and nerve branching. However, individual
neuromuscular synapses developed and functioned normally,
despite abnormal innervation pattern. Our ﬁndings demonstrate
that stabilization of b-catenin, either in motor neurons or in the
skeletal muscle, does not affect the formation and function of the
NMJ. Thus, b-catenin functions through non-cell autonomous
mechanisms in the skeletal muscle to retrogradely regulate the
development of motor innervation pattern, rather than speciﬁ-
cally affecting neuromuscular synaptogenesis.Materials and methods
Animals
b-Catenin exon-3 ﬂoxed mice (Ctnnb1lox(ex3)/lox(ex3)) (Harada
et al., 1999), tissue-speciﬁc Cre mice including motor neuron-
speciﬁc Cre (HB9Cre) (Jackson Laboratories, stock#: 006600)
(Arber et al., 1999; Yang et al., 2001) and skeletal muscle speciﬁc
Cre (Myo-Cre, under myogenin promoter/MEF2c enhancer) (Li
et al., 2005), or ROSA26 Cre reporter (Jackson Laboratories, stock
# 003474) (Soriano, 1999) have been described previously. To
generate mice that express stabilized b-catenin in their skeletal
muscle, we bred the Ctnnb1lox(ex3)/lox(ex3) with Myo-Creþ mice (Li
et al., 2005). To generate mice that express stabilized b-catenin
speciﬁcally in motor neurons, we bred the Ctnnb1lox(ex3)/lox(ex3)
mice with HB9Cre mice (Arber et al., 1999; Yang et al., 2001). The
littermate mice that did not express Cre (e.g., Ctnnb1lox(ex3)/þ)
were analyzed as controls. The stabilization of b-catenin was
conferred by genetically deleting exon-3 from the b-catenin gene
to produce a mutant b-catenin that lacks phosphorylation sites
(Harada et al., 1999), resulting in b-catenin accumulation and
stabilization in Cre-expressing tissues. The day in which a vaginalplug was detected was designated embryonic day 0.5 (E0.5).
Embryos were collected by cesarean section from anesthetized
pregnant mice. All experimental protocols followed National
Institutes of Health Guidelines and were approved by the Uni-
versity of Texas Southwestern Institutional Animal Care and Use
Committee.
Western blot analysis
The spinal cords and diaphragmmuscles of E18.5 mouse embryos
were homogenized and separated by SDS-PAGE, transferred to a
nitrocellulose membrane, and blocked in 5% milk in Tris-buffered
saline. The membrane was incubated with polyclonal antibody
against b-catenin (1:3000, Sigma-Aldrich, St. Louis, MO, USA) and
monoclonal antibody against a-tubulin (1:1000, Sigma-Aldrich, St.
Louis, MO, USA) at 4 1C overnight. Membranes were then incubated
with goat anti-mouse IRDye 680 and goat anti-rabbit IRDye 800
secondary antibodies (1:10,000, Li-Cor Biosciences, Lincoln, NE, USA)
at room temperature for 1 h. Membranes were scanned and analyzed
using the Odyssey infrared imaging system (Li-Cor Biosciences).
a-tubulin served as a loading control.
X-gal staining for LacZ (b-galactosidase)
Wholemount diaphragm muscle or transverse sections (20 mm)
of E16.5 embryos were ﬁxed in 2% paraformaldehyde (PFA) in
0.1 M phosphate buffer for 20–30 min, washed three times with
PBS and then incubated in a buffer containing sodium phosphate
(150 mM), MgCl2 (2 mM), sodium deoxycholate (0.01%), NP-40
(0.02%), potassium ferricyanide (5 mM), potassium ferrocyanide
(5 mM) and 5-bromo-4-chloro-3-indolyl-beta-D-galactopyrano-
side (1 mg/ml, X-Gal). Samples were then washed three times
with PBS and mounted in PVA (polyvinyl alcohol) mounting
medium. Images were acquired on an Olympus BX51 upright
microscope with Nomarski optics.
Analysis of muscle contractile properties
Muscle contractile properties were measured at room tempera-
ture according to the procedures described previously (Martin-
Caraballo et al., 2000; Wu et al., 2011). First, diaphragm muscles
(E18.5) were acutely isolated in oxygenated Ringer’s solution from
3 pairs of Ctnnb1lox(ex3)/þ;Myo-Cre (control) and Ctnnb1lox(ex3)/þ;
Myo-Creþ mice. A muscle strip was then removed from the right side
of the dorsal portion of the hemi-diaphragm (E18.5) from each
animal. The muscle strip was suspended in a 25-ml organ bath
(Myobath, World Precision Instruments, Sarasota, FL) ﬁlled with
oxygenated Ringer’s solution that contains 10 mM tubocurarine to
block muscle acetylcholine receptors (Martin-Caraballo et al., 2000).
The muscle strip was then mounted vertically in an isometric tissue
clamp of a force transducer (FORT25, World Precision Instruments,
Sarasota, FL) to detect muscle contraction, which was elicited by ﬁeld
stimulation with parallel wire electrodes. A train of 4–100 pulses,
1-ms duration, 80 mA (A385 Stimulator, World Precision Instru-
ments, Sarasota, FL) at 4, 10, 20, 50 and 100 Hz, delivered 20 s apart
was applied to evoke isometric contractions. Data were acquired
using a transbridge (4M, World Precision Instruments, Sarasota, FL)
and pClamp 9 software (Molecular Devices, Sunnyvale, CA) at a
sampling rate of 2 K Hz. Finally, the wet weight of the muscle strip
was determined immediately after the completion of muscle con-
traction measurement.
Analysis of neuromuscular synaptic transmission
Electrophysiological analysis of neuromuscular synaptic trans-
mission was carried out as described previously (Liu et al., 2008).
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adult lumbrical muscles (P45) were acutely isolated in oxyge-
nated Ringer’s solution (136.8 mM NaCl, 5 mM KCl, 12 mM
NaHCO3, 1 mM NaH2PO4, 1 mM MgCl2, 2 mM CaCl2, and 11 mM
d-glucose, pH 7.3) (Liley, 1956). End-plate regions were visually
identiﬁed under a microscope and impaled with glass micropip-
ettes ﬁlled with 2 M potassium citrate containing 10 mM potas-
sium chloride (resistance 20–40 MO). Miniature end-plate
potentials (mEPPs) and evoked end-plate potentials (EPPs) were
acquired using an AxoClamp-2B intracellular ampliﬁer (Molecular
Devices, Sunnyvale, CA).Immunoﬂuorescence staining
Immunoﬂuorescence staining was carried out as previously
described (Liu et al., 2008). Brieﬂy, embryonic diaphragm muscles
or adult triangularis sterni muscles were ﬁxed in 2% paraformal-
dehyde (PFA), blocked in antibody dilution buffer (500 mM NaCl,
0.01 M phosphate buffer, 3% BSA and 0.01% thimerosal), and thenFig. 1. Stabilization of b-catenin in skeletal muscles results in neonatal lethality. (A–G)
the spinal cord (D, E) and the heart (F, G) from a ROSA26-LacZ;Myo-Creþ embryo (E16.5)
high power), extraocular muscle (C), but absent in the spinal cord (D and E; D, low powe
analysis of tissue homogenates from two pairs of Ctnnb1lox(ex3)/þ;Myo-Creþ (Creþ)
antibodies and anti-a-tubulin, which served as a loading control. Full-length b-caten
genotypes, whereas a truncated b-catenin (Mut, lower band) was detected only in th
Ctnnb1lox(ex3)/þ;Myo-Cre- (control) and Ctnnb1lox(ex3)/þ;Myo-Creþ (mutant) mice (P0). M
milk in the stomach in the control pup. Mutant pup exhibited a lack of milk in the stoma
(E) 50 mm; (F, G): 30 mm.labeled with Texas-Red conjugated a-bungarotoxin (a-bgt) (2 nM,
Molecular Probes) for 30 min at room temperature. Wholemounts
of muscle samples were then labeled by primary antibodies
(rabbit) such as anti-neuroﬁlament (NF150, 1:1000) (Chemicon,
Temecula, CA) plus anti-synaptotagmin-2 (1:1000) (gifts from Dr.
Thomas Su¨dhof, Stanford University School of Medicine, Palo Alto,
CA), anti-synaptophysin (1:100) (Dako, Carpinteria, CA), or anti-
S100b (1:1000) (Swant, Bellinzona, Switzerland), followed by
secondary antibodies (ﬂuorescein isothiocyanate-conjugated goat
anti-rabbit IgG, 1:1000) (Jackson ImmunoResearch Laboratories,
Inc. West Grove, PA). Samples were washed in PBS and ﬂat-
mounted in Vectashield mounting medium. Images were acquired
using a Zeiss LSM 510 confocal microscope.Acetylcholinesterase (AChE) staining
Detection of AChE was carried out based on the methods
previously described (Enomoto et al., 1998). Muscles were ﬁxed with
2% PFA, rinsed in PBS and then incubated in a solution containingLacZ staining of wholemount diaphragm (A, B) and a cross-section of the eye (C),
. LacZ expression was detected in the diaphragm muscle (A and B; A, low power; B,
r; E, high power) and the cardiac muscles (F: atrium; G: ventricle). (H) Immunoblot
and Ctnnb1lox(ex3)/þ;Myo-Cre- (Cre-) embryos (E18.5) probed with anti-b-catenin
in (WT, upper band) was detected in spinal cord and diaphragm muscle in both
e diaphragm muscle in Ctnnb1lox(ex3)/þ;Myo-Creþ mice. (I) External phenotype of
utant pup died within 24 h after birth. Arrowhead in (I) points to the white patch of
ch (J, bottom picture). Scale bars: (A) 500 mm; (B) 50 mm; (C) 100 mm; (D) 100 mm;
Fig. 2. b-catenin stabilization in skeletal muscles leads to excessive nerve defasci-
culation and branching. (A–F) Hemi-diaphragm muscles were labeled by anti-NF150
and anti-Syt2 antibodies to reveal innervation pattern. The primary phrenic nerve
(p) enters the diaphragm muscle at mid-costal level and extends secondary (s) and
tertiary (t) nerve branches prior to making synaptic contacts with the muscle ﬁbers.
Excessive nerve defasciculation and branching are evident in mutant muscles
(D–F, Ctnnb1lox(ex3)/þ;Myo-Cre) compared with the controls (A–C). (G, H) High-
magniﬁcation views of E18.5 diaphragm muscles double-labeled with antibodies
against Syt2 and NF150 and Texas Red conjugated a-bgt. Nerve terminal sprouts
(arrowheads) are markedly increased in mutant muscles (H) compared with controls
(G). Scale bars: (A, D) 200 mm; (B, E) 400 mm; (C, F), 1000 mm; (G, H) 100 mm.
Fig. 3. b-catenin stabilization in muscle leads to expansion of the end-plate band.
(A–D) Whole mounts of embryonic diaphragm muscles (A, B: E14.5; C, D: E18.5)
labeled with a-bgt for AChRs. In both control (Ctnnb1lox(ex3)/þ) and mutant
(Ctnnb1lox(ex3)/þ;Myo-Cre), AChR clusters (white arrowheads) are aligned along
the central region of the muscle, forming a centrally located end-plate band.
However, the end-plate band occupied a broader region in the mutant muscle
(B, D: Ctnnb1lox(ex3)/þ;Myo-Cre) than in the control muscle (A, C: Ctnnb1lox(ex3)/þ).
Insets in (C) and (D) show high power views of individual AChR clusters. Scale
bars: (A, B) 200 mm; (C, D) 200 mm; insets in (C, D) 20 mm.
Table 1
Survival of the offspring from mating Ctnnb lox(ex3)/lox(ex3) with Myo-Cre transgenic mice.
Age Total number
of litters
Total number
of mice
Ctnnb1lox(ex3)/þ;
Myo-Creþ
Ctnnb1lox(ex3)/þ;
Myo-Cre
w2 P
E13.5–15.5 3 32 16 (16) 16 (16) 0 1
E18.5 7 65 32 (32.5) 33 (32.5) 0.008 0.930
P0 2 21 10 (10.5) 11 (10.5) 0.023 0.879
P1 2 8 0 (4) 8 (4) 5.333 0.021
P21 4 16 0 (8) 16 (8) 10.667 0.001
Mutant mice expressing stabilized b-catenin in the skeletal muscle (Ctnnb1lox(ex3)/þ;Myo-Creþ) were born in the expected Mendelian ratio of 1:1 (expected
numbers indicated in the parentheses). However, none of these mice survived after P0. Among 118 (E13.5 to P0) progeny frommating of Ctnnb1lox(ex3)/lox(ex3)
with Myo-Cre mice, approximately half (n¼58) were identiﬁed as Ctnnb1lox(ex3)/þ and Myo-Cre positive (Ctnnb1lox(ex3)/þ;Myo-Creþ , mutant) and the
remaining half (n¼60) were Ctnnb1lox(ex3)/þ andMyo-Cre negative (Ctnnb1lox(ex3)/þ;Myo-Cre–, control). Among 24 mice examined between P1 and P21, all of
them were genotyped as Ctnnb1lox(ex3)/þ;Myo-Cre negative, indicating none of Ctnnb1lox(ex3)/þ;Myo-Cre positive mice survived beyond P1.
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cine, 2 mM cupric sulfate, and 65mM sodium acetate solution, pH
5.5, for 2–4 h at 37 1C. Samples were then developed in sodiumsulﬁde (1.25%, pH 6.0) for 2–5 min, followed by extensive wash in
water under a fume hood. Muscle samples were then cleared with
50% glycerol in PBS and ﬂat mounted on a glass slide.Electron microscopy
Diaphragms muscles with phrenic nerves attached (E18.5)
were dissected and ﬁxed in 1% glutaraldehyde (in 0.1 M phos-
phate buffer, pH 7.4) for 12 h at 4 1C. The tissue was then rinsed
with phosphate buffer, trimmed in to small pieces, and then ﬁxed
with 1% osmium tetroxide for 3 h on ice. The tissue was then
dehydrated in a graded series of ethanol and embedded in Epon
812 (Polysciences, Warrington, PA). Ultrathin (70-nm) sections
were mounted on Formvar-coated grids and stained with uranyl
acetate and lead citrate. Electron micrographs were acquired
using a Tecnai (Netherlands) electron microscope at 120 kV.
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Data are presented as the mean7standard error of the mean
(SEM). Statistical differences between control and mutant groups
are determined by Student’s t test and are considered signiﬁcant
when the P value is less than 0.05.Results
b-Catenin stabilization in skeletal muscle results in neonatal
lethality in mice
The exon-3 of b-catenin encodes the highly conserved N-term-
inal serine and threonine residues that are targets for phosphor-
ylation by glycogen synthase kinase 3b (GSK3b). Phosphorylation
of these sites by GSK3b leads to degradation of b-catenin by the
ubiquitin-proteasome pathway (Aberle et al., 1997; Orford et al.,
1997). Previous studies have shown that Cre mediated deletion ofFig. 4. Normal morphology of the NMJ in mice expressing stabilized b-catenin in mus
muscle (B), immnuostained by a mixture of anti-NF 150 and anti-Syt2 antibodies (green
and (B). The pre-synaptic nerve terminals (white arrowheads) were juxtaposed with
Ctnnb1lox(ex3)/þ;Myo-Cre muscles (right column). (C, D) Electron micrographs of the
(D) muscles. Pre-synaptic nerve terminals (Nt), capped by a terminal Schwann cell, wer
Myo-Cre muscles. Black arrow points to the basal lamina between the pre- and post-syn
Scale bars: (A, B) 20 mm; (C, D), 1 mm.exon-3 in an engineered mouse strain (Ctnnb1lox(ex3)/lox(ex3)) pre-
vents b-catenin from being phosphorylated, resulting in an
accumulation and stabilization of b-catenin in Cre-expressing
cells (Harada et al., 1999). We applied this model to study the
role of b-catenin in the development of the NMJ. Speciﬁcally, we
sought to determine the effect of stabilizing b-catenin within the
muscle cell using Myo-Cre transgenic mice that drive Cre expres-
sion in skeletal muscle from embryonic day 9 (E9) onwards (Li et al.,
2005). As expected, crossingMyo-Cremice with ROSA26-LacZ reporter
mice (Soriano, 1999) results in speciﬁc expression of b-galactosidase
in the skeletal muscle (Fig. 1A and C) but not in the spinal cord
(Fig. 1D and E) or the cardiac muscle (Fig. 1F and G).
To determine the efﬁciency of b-catenin stabilization in the
muscle, we probed tissue homogenates from two pairs of
Ctnnb1lox(ex3)/þ;Myo-Creþ (Creþ) or Ctnnb1lox(ex3)/þ;Myo-Cre
(Cre) mice with anti-b-catenin antibodies. As expected, full-
length b-catenin (wildtype b-catenin) was detected in both spinal
cord and diaphragmmuscle in either Ctnnb1lox(ex3)/þ;Myo-Creþ or
Ctnnb1lox(ex3)/þ;Myo-Cre mice, whereas a truncated b-catenincles. (A, B) Confocal images of E18.5 diaphragm muscle (A) and triangulris sterni
) and a-bgt (red), and the merged images are shown at the bottom row in both (A)
post-synaptic AChR clusters (white arrows) in both controls (left column) and
NMJ in E18.5 diaphragm muscles from control (C) and Ctnnb1lox(ex3)/þ;Myo-Cre
e ﬁlled with an abundance of synaptic vesicles in both control and Ctnnb1lox(ex3)/þ;
aptic membranes, and black arrowhead points to the postsynaptic junctional fold.
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Ctnnb1lox(ex3)/þ;Myo-Creþ mice, but not in Ctnnb1lox(ex3)/þ;Myo-
Cre– mice (Fig. 1H).
Mice expressing stabilized b-catenin in the skeletal muscles
were grossly normal throughout embryonic development. Among
97 embryos derived from the breeding of Ctnnb1lox(ex3)/lox(ex3);
Myo-Creþ mice, 48 were Ctnnb1lox(ex3)/þ;Myo-Creþ (mutant) and
49 Ctnnb1lox(ex3)/þ;Myo-Cre– (hereafter referred to as control), and
mice were born in the expected Mendelian ratio of 1:1 (Table 1).
Furthermore, we examined 29 newborn pups from P0 to P1. At P0,
control and mutant pups were indistinguishable; they moved and
appeared characteristically pink in color, with no signs of gasping.
However, mutant pups died within 1 day after birth. At the time
of death, mutant pups appeared grossly normal, except that theyFig. 5. b-Catenin stabilization in muscles leads to formation of the NMJ within the cent
(E15.5) from control (left panel) and Ctnnb1lox(ex3)/þ;Myo-Cre (right panel). (B) High po
NF150 and anti-Syt2 antibodies (green) and a-bgt (red). The merged image is shown at
Ctnnb1lox(ex3)/þ;Myo-Cre (E18.5) illustrating the aberrant nerves in the central tendon o
tendon regions of the diaphragm in Ctnnb1lox(ex3)/þ;Myo-Cre embryos (E18.5), labeled
three panels), or labeled by anti-synaptophysin antibodies (green) and a-bgt (red) (bott
clusters were detected in extra muscle patches (arrowheads, left panel) within the cent
control. Scale bars: (A, C) 400 mm; (B) 10 mm; (D) 20 mm; (E) 2000 mm.lack milk in their stomachs (Fig. 1I and J). These results demon-
strated that b-catenin stabilization in skeletal muscle resulted in
neonatal death in mice.
b-Catenin stabilization in muscles leads to excessive nerve
defasciculation and branching, but exerts no adverse effect on the
capacity of muscle to form the NMJ
We next investigated whether b-catenin stabilization in mus-
cles affected the formation and function of the NMJ. We began our
analyses on embryonic diaphragm muscles, in which the NMJs
are among the earliest to be established during development
(Bennett and Pettigrew, 1974). We systematically analyzed dia-
phragm muscles (E13.5-P0) from control and mutant miceral tendon region of the diaphragm. (A) Low power views of right hemi-diaphragm
wer views of the central tendon region bordered by the square, labeled by anti-
the bottom. Arrowheads point to the NMJ. (C) A whole diaphragm muscle is from
f the diaphragm (arrowhead in C). (D) Individual NMJs (arrowheads) in the central
by a mixture of anti-NF150 and anti-Syt2 antibodies (green) and a-bgt (red) (top
om three panels). (E) Wholemount AChE staining of E18.5 diaphragm muscle. AChE
ral tendon of the diaphragm muscle in Ctnnb1lox(ex3)/þ;Myo-Cre mice, but not in the
Y. Liu et al. / Developmental Biology 366 (2012) 255–267 261expressing stabilized b-catenin (Ctnnb1lox(ex3)/þ;Myo-Cre), by
wholemount immunostaining using a mixture of antibodies
against a neuroﬁlament protein (NF-150) and a synaptic vesicle
protein (Syt2) to label pre-synaptic nerves and a-bgt to label
post-synaptic AChRs.
We found marked differences in innervation pattern between
control and Ctnnb1lox(ex3)/þ;Myo-Cre mice. In the control (Fig. 2A–C),
the phrenic nerve entered the diaphragm muscle at mid-costal level
and extended secondary intramuscular nerve bundles along the
central region of the diaphragm muscle. The secondary nerve trunks
extended orderly, short tertiary nerve branches near the central end-
plate region. In the Ctnnb1lox(ex3)/þ;Myo-Cre embryos (Fig. 2D and F),
the phrenic nerve reached the diaphragm muscle on schedule. For
example, at E13.5, intramuscular nerves fully innervated both the
dorsal and the ventral diaphragm in Ctnnb1lox(ex3)/þ;Myo-Cre (Fig. 2D).
However, there were increases in tertiary nerve branching and
defasciculation compared with the control. For example, the average
length of the tertiary nerve branches in the ventral region of the right
hemi-diaphragm in Ctnnb1lox(ex3)/þ;Myo-Cre mice (E18.5) was
5117138 mm, nearly 10 times longer than that seen in the same
region of the diaphragm in litter-mate controls (5275 mm, Po0.01).
The increase in nerve branching and defasciculation was noticeable at
E13.5 (compare Fig. 2D with A), and became more apparent at E14.5
(Fig. 2E vs. B) and persisted throughout the embryonic (Figs. 2, 4 and
5) and neonatal period (Fig. S1). The increase in nerve branching and
defasciculation was more pronounced in the right hemi-diaphragm
compared with the left hemi-diaphragm (Fig. S1).
In addition to increased defasciculation and branching, sig-
niﬁcantly more nerve terminal sprouts were detected in mutantFig. 6. b-Catenin stabilization in muscles leads to an increase in motor axon numbers
under an electron microscope. (A, B) Low power views of the entire nerve cross-section
(26177 per nerve, n¼6 nerves) compared with the controls (22879 per nerve, n¼7). (
(SC) processes (arrow). Scale bars: (A, B) 10 mm; (C, D) 1 mm.muscles (arrowheads in Fig. 2H), compared with the control
(arrowheads in Fig. 2G). For example, in the ventral sternal region
of the right diaphragm muscle (Fig. 2G and H), the number
and length of terminal sprouts in mutant muscles (N¼4) were
2172 and 16878 mm, respectively, compared with 1071 and
91710 mm in control (N¼3), respectively. The terminal nerve
sprouts in both control and mutant muscles were accompanied by
Schwann cells, as revealed by immunostaining with anti-S100b
antibodies, a marker for Schwann cells (Fig. S1).
Consistent with excessive nerve branching, AChR clusters
(end-plates) were more broadly distributed, although still con-
ﬁned to the central regions in Ctnnb1lox(ex3)/þ;Myo-Cre muscles.
The mean width of the end-plate bands in the dorsal region of
E14.5 diaphragm muscles was increased by 26%: from
168712 mm in the controls (N¼3) to 21279 mm (N¼3),
Po0.05, in the Ctnnb1lox(ex3)/þ;Myo-Cre mice (Fig. 3A and B).
The end-plate bands remained expanded throughout the embryo-
nic period, as indicated by AChR staining at E18.5 (Fig. 3C and D).
However, the size of individual AChR cluster was similar for the
Ctnnb1lox(ex3)/þ;Myo-Cre mice and their controls (7873 mm2 vs.
8074 mm2, respectively; N¼4 mice, each group).
Furthermore, individual neuromuscular synapses developed nor-
mally in Ctnnb1lox(ex3)/þ;Myo-Cremice. At light microscopic level, we
found that presynaptic nerve terminals in Ctnnb1lox(ex3)/þ; Myo-Cre
mice were intensely labeled by anti-Syt2 antibodies and formed in
juxtaposition with postsynaptic AChR clusters in the diaphragm,
triangularis sterni or hindlimb muscles, similar to those in the
control (Fig. 4A and B, Fig. S3). At the electron microscopic level,
we found that the ultrastructure of the NMJ was indistinguishablein the phrenic nerve. Cross-sections of the phrenic nerve (E18.5) were examined
. The number of axons was signiﬁcantly increased (t-test, Po0.01) in the mutants
C, D) High power views illustrating individual axons (Ax) wrapped by Schwann cell
Y. Liu et al. / Developmental Biology 366 (2012) 255–267262between control and mutant muscles (Fig. 4C and D). In both control
(n¼76 nerve terminals, N¼4 mice) and mutant (n¼53 nerve
terminals, N¼4 mice), pre-synaptic nerve terminals were capped
by a terminal Schwann cell and were juxtaposed with postsynaptic
membranes. Basal lamina was well deﬁned at the synaptic cleft
between the pre- and post-synaptic membrane (black arrow in
Fig. 4C and D). Thus, stabilization of b-catenin in muscles exerted no
adverse effect on the capacity of the muscle to establish the NMJ.
Intriguingly, additional NMJs were also detected within the
central tendon region in Ctnnb1lox(ex3)/þ;Myo-Cre mice (Fig. 5).
These NMJs were innervated by aberrant nerve branches (arrow-
head in Figs. 2D, E and F and 5A and C) extended from the
intramuscular nerve trunk. The nerve terminals of these aberrant
nerves were intensely labeled by synaptic vesicle proteins (Fig. 5B
and D) and juxtaposed to AChR clusters (Fig. 5B and D). Whole-
mount AChE staining of the diaphragm muscle further revealed
that small muscle patches containing AChE clusters were present
within the central tendon of the diaphragm in Ctnnb1lox(ex3)/þ;
Myo-Cre mice (arrowheads in Fig. 5E) but not in the control.Fig. 7. b-Catenin stabilization in muscles leads to a reduction in muscle ﬁber caliber. (A
muscle stained with toluidine blue. Muscle nuclei (arrows) are peripherally localized i
area of muscle ﬁber size (left bar graph) and size distribution (right bar graph) in the
139.674.1 mm2 (n¼407 ﬁbers) in Ctnnb1lox(ex3)/þ;Myo-Cre mice, vs. 167.973.9 mm2
diaphragm muscle under EM. The organization of the Z-lines and sarcomeres (unit betw
(E). Scale bars: (A, B) 30 mm; (D, E) 1 mm.b-Catenin stabilization in muscles leads to an increase
in motor axon number
From wholemount staining of the phrenic nerve/diaphragm
preparation, we noticed that the phrenic nerve bundles were
thicker in the stabilized b-catenin mutant embryos compared
with their littermate controls (Fig. 2), suggesting a possible
increase of axon number and/or axon size in the phrenic nerve
in the mutant embryos. We therefore examined cross sections of
the phrenic nerves by the electron microscopy. We found that the
motor axon numbers were moderately, but signiﬁcantly (Po0.01)
increased in the phrenic nerve of the mutant embryos (Fig. 6B)
compared with the control (Fig. 6A). For example, the average
number of motor axons was 26177 (N¼6) in the mutant
embryos versus 22879 (N¼7) in the controls. The size of
individual axons, however, was similar between control and
mutant embryos and all motor axons were wrapped by Schwann
cell processes (arrows in Fig. 6C and D) that distributed through-
out the entire span of the nerve. These results indicate that, B) Cross-section (semi-thin, 1 mm) of the mid-costal regions of E18.5 diaphragm
n both Ctnnb1lox(ex3)/þ;Myo-Cre and control mice. (C) Quantiﬁcation of the average
control and Ctnnb1lox(ex3)/þ;Myo-Cre mice. The average size of muscle ﬁbers was
(n¼408 ﬁbers, Po0.001) in the control mice. (D, E) Longitudinal sections of the
een Z-lines) is similar between the control (D) and Ctnnb1lox(ex3)/þ; Myo-Cre mice
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axon number.b-Catenin stabilization in muscles leads to a reduction
in muscle ﬁber size
The expression of b-catenin is developmentally regulated
during myogenesis (Cifuentes-Diaz et al., 1998; Goichberg et al.,
2001) and increased level of membrane-bound b-catenin is
associated with abnormal myoﬁbril organization in skeletal
muscles (Nastasi et al., 2004). We therefore sought to determine
if stabilization of b-catenin in muscle affects muscle develop-
ment. Cross-sections of the embryonic diaphragm muscle (E18.5)
showed that muscle nuclei in Ctnnb1lox(ex3)/þ;Myo-Cre mice were
peripherally localized, suggesting no muscle ﬁber necrosis or muscle
ﬁber regeneration occurred in these mice (Fig. 7A and B). However,
the size of individual muscle ﬁbers was markedly reduced in
Ctnnb1lox(ex3)/þ;Myo-Cre mice; the average size of muscle ﬁbers was
139.674.1 mm2 (n¼407 ﬁbers) in Ctnnb1lox(ex3)/þ;Myo-Cre mice, vs.
167.973.9 mm2 (n¼408 ﬁbers, Po0.001) in the control mice
(Fig. 7C). We further examined longitudinal sections of the diaphragm
muscle under EM; we found that the ulstrastructure of the Z-linesFig. 8. Normal synaptic transmission at the NMJ in mice expressing stabilized b-cateni
diaphragm muscle in control and Ctnnb1lox(ex3)/þ;Myo-Cre mice. (B) Quantiﬁcation of m
(event/min): 0.9070.15 (Ctnnb1lox(ex3)/þ;Myo-Cre) vs. 0.9370.15 (control); mEPP ampli
rise time: 3.8770.24 ms (Ctnnb1lox(ex3)/þ;Myo-Cre) vs. 3.8470.56 ms (control); mEPP h
No statistical differences were found between the Ctnnb1lox(ex3)/þ;Myo-Cre and the con
were indistinguishable between controls (10.6770.96 mV) and Ctnnb1lox(ex3)/þ;Myo-C
cells, N¼4 mice); control (n¼18 cells, N¼3 mice). (E) Action potentials were evoked b
Myo-Cre diaphragm muscles.and sarcomeres were similar between Ctnnb1lox(ex3)/þ;Myo-Cre and
control mice (Fig. 7D and E). Thus, b-catenin stabilization in muscles
resulted in a reduction in muscle ﬁber size but did not appear to
affect the assembly of sarcomeres.Normal synaptic transmission and muscle contraction properties
in mice expressing stabilized b-catenin in muscles
To determine whether b-catenin stabilization in muscle affects
NMJ function or muscle contractile properties, we carried out
electrophysiological analyses. First, we measured mEPPs (Fig. 8A)
and EPPs (Fig. 8C) in acutely isolated phrenic nerve/diaphragm
preparations (E18.5). We found that mEPP frequencies (events/
min1) were similar between Ctnnb1lox(ex3)/þ; Myo-Cre (0.9070.15,
N¼4 mice, n¼25 ﬁbers) and control (0.9370.15, N¼3 mice, n¼18
ﬁbers). These low-frequencies of mEPPs are consistent with previous
reports on wildtype mammalian embryonic muscles (Dennis et al.,
1981; Diamond and Miledi, 1962). Similarly, mEPP amplitude, mEPP
rise time (10–90%), mEPP half width (Fig. 8B) and EPP amplitude
(Fig. 8D) were also similar between the two genotypes, and action
potentials were evoked by electrical stimulation of the phrenic nerves
in both control and Ctnnb1lox(ex3)/þ;Myo-Cre muscles (Fig. 8E).n in muscles. (A) Sample mEPP traces (superimposed 1201-s traces) from E18.5
EPP frequencies, amplitudes, 10–90% rise time and half width—mEPP frequencies
tudes 2.6070.25 mV (Ctnnb1lox(ex3)/þ;Myo-Cre) vs. 2.1270.26 mV (control); mEPP
alf width: 12.8270.24 ms (Ctnnb1lox(ex3)/þ;Myo-Cre) vs. 11.7470.74 ms (control).
trols. (C, D) Sample traces and quantiﬁcation of EPP amplitudes. EPP amplitudes
re (10.3971.3 mV). Number of sample analyzed: Ctnnb1lox(ex3)/þ;Myo-Cre (n¼25
y electrical stimulation of the phrenic nerves in both control and Ctnnb1lox(ex3)/þ;
Fig. 9. Normal muscle contractile properties in mice expressing stabilized b-
catenin in muscles. (A) Muscle twitch responses at 4, 10, 20 and 50 Hz in control
and Ctnnb1lox(ex3)/þ;Myo-Cre diaphragm muscles (E18.5). (B) Plot of twitch force
(expressed as % of maximal force) against stimulation frequency. In both control
and Ctnnb1lox(ex3)/þ;Myo-Cre diaphragm muscles, muscle twitch force increases as
stimulation frequency increases. (C) Normalized maximal twitch force by muscle
weight. No signiﬁcant difference was detected between control (0.7870.06 g/mg,
N¼3 embryos) and Ctnnb1lox(ex3)/þ;Myo-Cre (0.7070.07 g/mg, N¼3 embryos).
Fig. 10. Neuromuscular synapses develop normally in mice with b-catenin
stabilization in motor neurons. Hemi-diaphragm muscles (E18.5) were double-
labeled with anti-NF150 and anti-Syt2 antibodies and a-bgt. Similar innervation
patterns were seen in the control (A) and the mice expressing stabilized b-catenin
speciﬁcally in motor neurons (B, Ctnnb1lox(ex3)/þ;HB9cre). High-power magniﬁca-
tion of the diaphragm muscle in (A) and (B), demonstrating individual NMJs were
developed in control (C–E) and Ctnnb1lox(ex3)/þ;HB9cre mice (F–H). (I–N) NMJs in
triangularis sterni muscles (P45) of control (I–K) and Ctnnb1lox(ex3)/þ;HB9cre mice
(L–N). Scale bars: (A, B) 400 mm; (C–H) 20 mm; (I–N) 20 mm.
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phragm muscles. We found that muscle twitch responses and twitch
force were similar between control and Ctnnb1lox(ex3)/þ;Myo-Cre
muscles (Fig. 9). In both control and Ctnnb1lox(ex3)/þ;Myo-Cre dia-
phragm muscles, muscle twitch force increased in response to
stimulation frequency increases, and reached the maximal
twitch force (normalized by muscle weight) at 0.7870.06 g/mg
(control, N¼3) and 0.7070.07 g/mg (Ctnnb1lox(ex3)/þ;Myo-Cre,
N¼3). Together, these results demonstrated that both neuromuscular
synaptic transmission and muscle contractile properties were normal
in mice expressing stabilized b-catenin in muscles.
Normal formation and function of the NMJ in mice with b-catenin
stabilization speciﬁcally in motor neurons
Previous studies have demonstrated that Wnt signaling in pre-
synaptic cells promotes nerve terminal differentiation in cerebellar
synapses (Hall et al., 2000; Lucas and Salinas, 1997), in Drosophila
NMJs (Ataman et al., 2008; Packard et al., 2002), and regulates
synaptic speciﬁcity in C. elegans NMJs (Klassen and Shen, 2007;
Maro et al., 2009). In hippocampal neurons, b-catenin regulates the
localization of the synaptic vesicle pool (Bamji et al., 2003), synaptic
size and synaptic strength (Murase et al., 2002; Okuda et al., 2007)
and dendritic morphogenesis (Yu and Malenka, 2003). We therefore
sought to determine the effect of b-catenin stabilization in motor
neurons. We generated and analyzed mice that express stabilized
b-catenin speciﬁcally in motor neurons by breeding the
Ctnnb1lox(ex3)/lox(ex3) mice with HB9Cre mice, in which Cre recombinase
has been shown to be expressed speciﬁcally in motor neurons fromE9 onwards (Arber et al., 1999; Yang et al., 2001), a stage similar to
the onset of Myo-Cre expression described above.
In contrast to Ctnnb1lox(ex3)/þ;Myo-Cre mice, which died shortly
after birth, mice expressing stabilized b-catenin in motor neurons
(Ctnnb1lox(ex3)/þ;HB9Cre) survived postnatally. Furthermore, in contrast
to the aberrant innervation pattern detected in Ctnnb1lox(ex3)/þ;Myo-
Cre mice (Figs. 2–5), the pattern of innervation in Ctnnb1lox(ex3)/þ;
HB9Cre/þ mice was normal (Fig. 10A and B). High-power examination
of the pre-synaptic nerve terminals and postsynaptic AChRs at E18.5
(Fig. 10C and H) and P45 (Fig. 10I and N) showed normal formation
and maturation of the NMJ in Ctnnb1lox(ex3)/þ;HB9Cre/þ mice. Electro-
physiological analysis further demonstrated that the neuromuscular
synapses functioned normally in Ctnnb1lox(ex3)/þ;HB9Cre/þ mice: mEPP
frequencies, amplitude, rise time and half-width were similar
between Ctnnb1lox(ex3)/þ;HB9Cre/þ and their littermate controls
(Ctnnb1lox(ex3)/þ) (Fig. 11A and B). EPP amplitudes, rise time and half
Fig. 11. Neuromuscular synapses function normally in mice with b-catenin stabilization in motor neurons. (A) Typical mEPP traces (superimposed 200.5-s traces) from
the lumbrical muscles at P45 in control and Ctnnb1lox(ex3)/þ;HB9Cre mice. (B) Quantiﬁcation of mEPP frequencies, amplitudes, 10–90% rise time and half width—mEPP
frequencies (Hz) were 0.6270.08 in control and 0.6270.12 in Ctnnb1lox(ex3)/þ;HB9Cre; mEPP amplitudes: 1.6370.13 mV (control), 1.6870.16 mV (Ctnnb1lox(ex3)/þ;HB9Cre);
mEPP rise time: 2.2070.24 ms (control), 2.2670.26 ms (Ctnnb1lox(ex3)/þ;HB9Cre); mEPP half width: 4.1270.24 ms (control), 4.3370.29 ms (Ctnnb1lox(ex3)/þ;HB9Cre). No
statistical differences were found between control and Ctnnb1lox(ex3)/þ;HB9Cre mice. (C, D) Sample traces (C) and quantiﬁcation of EPP (D). EPP amplitudes (control:
23.9671.44 mV; Ctnnb1lox(ex3)/þ;HB9Cre: 22.6771.41 mV), EPP rise time (control: 1.2470.04 ms; Ctnnb1lox(ex3)/þ;HB9Cre: 1.3070.05 ms) and EPP half width (control:
3.9270.09 ms; Ctnnb1lox(ex3)/þ;HB9Cre: 4.0970.14 ms) were indistinguishable between control and Ctnnb1lox(ex3)/þ;HB9Cre mice. (E, F) Sample EPP traces evoked by
electrical stimulation of the nerve at 70 Hz (E) and quantiﬁcation of EPP rundown ratio. The rate of EPP rundown is similar between controls and Ctnnb1lox(ex3)/þ;HB9cre
mice. Number of sample analyzed: control (n¼13); Ctnnb1lox(ex3)/þ;HB9Cre (n¼11).
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littermate controls (Ctnnb1lox(ex3)/þ) (Fig. 11C and D), as was the rate
of EPP run-down, a measure of short-term synaptic plasticity of the
NMJ (Fig. 11E and F). Together, these ﬁndings indicate that activation
of the Wnt/b-catenin signaling in motor neurons does not affect the
patterning, formation, or function of the NMJ.Discussion
Previous studies have indicated that b-catenin is involved
in the development of the NMJ. However, the precise role for
b-catenin in NMJ formation remains unclear. To gain insight into
the role of b-catenin in the development of the NMJ, we expressed
a stabilized form of b-catenin in either motor neurons or skeletal
muscles. Surprisingly, b-catenin stabilization, either in motor
neurons or in muscles, does not adversely affect NMJ formation
or function. However, b-catenin stabilization in skeletal muscle
leads to abnormal motor innervation of the muscle, including
increased defasciculation and nerve branching. These abnormalpatterns displayed in mutant mice expressing stabilized b-catenin
in muscles resemble that reported in a previous study in mutant
mice lacking b-catenin in skeletal muscles (Li et al., 2008). Thus,
b-catenin levels in the skeletal muscle appear to be crucial for the
establishment of normal motor innervation pattern. The fact that
these defects are detected only when b-catenin is altered in
muscles, but not in motor neurons, indicates that b-catenin
regulates motor innervation through a non-cell autonomous
mechanism.
During the development of zebraﬁsh NMJ, Wnt-11r binds to
unplugged/MuSK ectodomain and regulates axon guidance and
AChR prepatterning (Jing et al., 2010, 2009). As interactions of
Wnt proteins and their receptors may activate a variety of
signaling pathways (van Amerongen and Nusse, 2009), it remains
to be determined whether b-catenin signaling is involved in AChR
prepatterning in zebraﬁsh NMJ. We found that b-catenin stabili-
zation in mouse skeletal muscles results in a broadening of the
end-plate band in muscles, but it does not appear to disrupt
muscle pre-patterning, as the end-plate band, though broadened,
still lies in the central region of the muscle.
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muscles, but not in motor neurons, leads to neonatal lethality—
mutant mice died within 1 day of birth. The direct cause of the
lethality remains to be determined, as neonatal lethality in mutant
mice can result from impairments of multiple physiological systems
(Turgeon and Meloche, 2009). At the time of death, mutant pups
lacked milk in their stomachs, indicating that they were unable to
feed, which may have contributed to the lethality. Furthermore,
aberrant innervation pattern and the presence of muscle patches in
the central tendon of the diaphragm may also contribute, at least in
part, to the lethality. The diaphragm muscle is unique to mammals
and is the major muscle of respiration. The central tendon of the
diaphragm normally does not contain muscles (Allan and Greer,
1997; Greer et al., 1999) and diaphragmatic defects often lead to
perinatal lethality (Ackerman and Greer, 2007). Consistent with this
hypothesis, the presence of muscle patches in the central tendon of
the diaphragm has also been reported in human birth defects (Blair,
1923; Colacino and Pettersen, 1978).
The increases in nerve defasciculation and branching in the
intramuscular nerve bundles on the phrenic nerve in mice
expressing stabilized b-catenin can be detected as early as
E13.5, at a stage after the completion of naturally occurring motor
neuron cell death in the cervical spinal segments (Yamamoto and
Henderson, 1999) but prior to the establishment of functional
NMJs between phrenic motor neurons and their target diaphragm
muscles (Witzemann, 2006). Therefore, the increase in nerve
branching may be attributed to an increase in motor neuron
numbers but is likely independent of the level on neuromuscular
activity. Indeed, neither neuromuscular synaptic activity nor
muscle contraction is affected by b-catenin stabilization in
muscles.
The precise mechanism for how b-catenin regulates motor
innervation remains to be elucidated. Remarkably, innervation
defects displayed in the muscle expressing stabilized b-catenin
resemble the defects seen in Slit2 or Robo1/Robo2 mutant mice
(Jaworski and Tessier-Lavigne, 2012). This raises an intriguing
possibility that b-catenin stabilization in muscles may down-
regulate Slit2 and/or Robo1/Robo2, or down-regulate the signal-
ing components downstream of Slit2/Robo1/Robo2. This further
suggests a potential functional interaction between Wnt/b-cate-
nin signaling and Slit2/Robo1/Robo2 signaling during the devel-
opment of motor innervation in mouse embryonic muscles.Acknowledgments
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